Abstract: A few-layer graphene nano-flake thin film was prepared by an affordable vacuum kinetic spray method at room temperature and modest low vacuum conditions. In this economical approach, graphite microparticles, a few layers thick, are deposited on a stainless-steel substrate to form few-layer graphene nano-flakes using a nanoparticle deposition system (NPDS). The NPDS allows for a large area deposition at a low cost and can deposit various metal oxides at room temperature and low vacuum conditions. The morphology and structure of the deposited thin films are alterable by changing the scan speed of the deposition. These changes were verified by field emission scanning electron microscopy (FE-SEM), transmission electron microscopy (TEM), X-ray diffraction (XRD), and Raman spectroscopy. The electrochemical performances of the supercapacitors, fabricated using the deposited films and H 3 PO 4 -PVA gel electrolytes with different concentrations, were measured using a 2-electrode cell. The electrochemical performance was evaluated by cyclic voltammetry, galvanostatic Charge-discharge, and electrochemical impedance spectroscopy. The proposed affordable fabricated supercapacitors show a high areal capacitance and a small equivalent series resistance.
Introduction
Supercapacitors, also called ultracapacitors, are promising electrochemical storage devices due to their high-power density, fast charge/discharge rates, and long Charge-discharge cycles [1] [2] [3] [4] . Supercapacitors have the potential to supplement or replace the use of batteries for energy storage applications, namely those for wearable and portable electronics, energy storage systems, and electrical and hybrid vehicles [5] . There are two representative types of supercapacitor: (1) the electric double layer capacitor (EDLC); and (2) the pseudocapacitor. EDLCs store energy via ion adsorption/desorption on the electrode surface, exhibit an excellent cycle life and power density, but are restrained by limited adsorption capacity, which adversely impacts their energy density [6] . Carbon materials with a large specific surface area and excellent electrical conductivity, such as active carbon (AC), carbon nanotubes (CNTs), and graphene, have been used for EDLCs. In contrast, pseudocapacitors store energy via fast and reversible surface redox reactions. Typical pseudo-capacitive materials include transition metal oxides/hydroxides and conducting polymers. Pseudocapacitors hold a much higher energy density but have unsatisfactory cycle stability and rate capability, so their power density is generally low [6] . Graphene is a 2D plane of sp 2 bonded carbon atoms, organized in a honeycomb lattice. There are two reasons why graphene is a particularly suitable material for storage devices. The first reason is that graphene has good electrical conductivity. The electrical conductivity is a result of graphene's unique electronic properties, which include a massless Dirac fermion, 
Characterization
The morphology and structure of the deposited film are characterized by field emission scanning electron microscopy (FE-SEM) (JSM-6500F, JEOL, Tokyo, Japan). The crystalline structures of the as-purchased graphite powder and the deposited film on a stainless-steel substrate were examined by XRD (Ultra 4, Rigaku, Tokyo, Japan). Raman Spectra were recorded using Raman spectroscopy (Alpha 300R, WITec GmbH, Ulm, Germany) with a 532 nm wavelength laser operating at 1 mW as an excitation source. Focused ion beam (FIB) (Helios NanoLab 450, FEI, Eindhoven, The Netherlands) milling was carried out to prepare the high-resolution transmission electron microscopy (HR-TEM) sample. A FIB lift-out TEM grid (FIB lift-out Cu TEM grid with 3 posts, Omniprobe, Inc., Dallas, TX, USA) was used to hold the milled HR-TEM sample. Finally, the sample prepared by the FIB was used for HR-TEM (JEM-2100F, JEOL, Tokyo, Japan).
Preparation of the Polymer Gel Electrolyte
The polymer gel electrolyte was prepared as follows. 1 g of PVA was stirred in 10 mL of deionized water at 80 °C for 2 hours until completely dissolved. After cooling, 0.03 mol (2.94 gm) of H3PO4 were added to the PVA and stirring was continued until the solution became a viscous gel. The sane procedure was followed to prepare 0.06 and 0.09 mol of H3PO4-PVA gel electrolyte by adding 5.88 and 8.82 gm of H3PO4 to the 1 gm of PVA respectively.
Assembly of Supercapacitor Device
The graphene thin film was deposited on the stainless-steel with area 10 × 10 mm 2 . To fabricate a supercapacitor, the deposited area was dipped on the H3PO4-PVA gel electrolyte for a minute, the 
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The polymer gel electrolyte was prepared as follows. 1 g of PVA was stirred in 10 mL of deionized water at 80 • C for 2 hours until completely dissolved. After cooling, 0.03 mol (2.94 gm) of H 3 PO 4 were added to the PVA and stirring was continued until the solution became a viscous gel. The sane procedure was followed to prepare 0.06 and 0.09 mol of H 3 PO 4 -PVA gel electrolyte by adding 5.88 and 8.82 gm of H 3 PO 4 to the 1 gm of PVA respectively.
Assembly of Supercapacitor Device
The graphene thin film was deposited on the stainless-steel with area 10 × 10 mm 2 . To fabricate a supercapacitor, the deposited area was dipped on the H 3 PO 4 -PVA gel electrolyte for a minute, the electrolyte on the electrode was left in air overnight to dry. After this, the two identical electrodes with the dried electrolytes were sandwiched together by applying a 1 kg weight, resting on the top, to ensure a full contact. The fabrication process is shown in Figure 2 .
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Electrochemical Measurements
The electrochemical properties were measured using a 2-electrode cell. The electrochemical performance was measured using a CorrTest electrochemical workstation (C350, Wuhan Corrtest Instruments Corp. Ltd., Wuhan, China), using cyclic voltammetry, galvanostatic Charge-discharge, and electrochemical impedance spectroscopy. The cyclic voltammetry measurement was scanned between 0 and 1 V with different scan rates between 2 and 100 mV/s. The galvanostatic Chargedischarge tests were performed at different current densities. Impedance data was collected, ranging from 1 MHz to 1 Hz, with an open circuit potential (OCP), with an AC signal 10 mV in amplitude.
Results and Discussion

Morphology Properties
After deposition, the masses per unit area and thicknesses of the deposited films with different scan speeds were calculated. The mass per unit area of the deposited films decreased as the scan speed increased from 0.4 to 0.8 and 1.2 mm/min. The thickness of each deposited film was measured by confocal microscopy, showing that as the scan speed changed from 0.4 to 1.2 mm/min the thickness decreased. The values of mass per unit area and the corresponding thicknesses are shown in Table 2 and Figure 3 . 
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Morphology Properties
After deposition, the masses per unit area and thicknesses of the deposited films with different scan speeds were calculated. The mass per unit area of the deposited films decreased as the scan speed increased from 0.4 to 0.8 and 1.2 mm/min. The thickness of each deposited film was measured by confocal microscopy, showing that as the scan speed changed from 0.4 to 1.2 mm/min the thickness decreased. The values of mass per unit area and the corresponding thicknesses are shown in Table 2 and Figure 3 . The surface morphology of the original graphite powder and the deposited thin film, on a stainless-steel substrate, was observed with an FE-SEM. Figure 4a is the FE-SEM image of the original graphite powder, showing that the sizes of the original powder particles are around 6 μm and the shapes are irregular. Figure 4b -g shows the surface morphology of the deposited films on stainless steel, by comparing Figure 4a with Figure 4b ,c, we can see that most of the graphite powder fragmented to small particles; some of these particles are still in microscale graphite form, but most of the other particles are converted to very small flakes. As seen in Figure 4d -g, as the scan speed increased, the relative proportion of the microscale graphite particles on the deposited films become smaller relative to the slow scan speed case (0.4 mm/min). For 1.2 mm/min scan speed of deposition, the sizes of most of the fragmented particles ranged from about 100-180 nm, however, there were some fragmented particles with much smaller size. In Figure 4c ,e,g, red arrows indicate some of the graphene nano-flakes. The thin layers of graphite were separated during the NPDS deposition due to their high impact velocity. The orientation of the particle may be random during deposition, and particles with different orientations collided with the substrate. Due to the high-velocity impact, interlayer sliding and interlayer separation occurred and very thin structures were deposited on the stainless-steel substrate. In addition, large particles broke into small pieces to make nano-sized, thin structures. Figure 5 shows the TEM image of the deposited film with a scan speed of 1.2 mm/min. The HR-TEM image shown in Figure 5a indicates the crystalline structure of randomly oriented graphene nano-flakes with some areas of amorphous structure. The Fast Fourier transformer (FFT) of the HR-TEM image in Figure 5b shows a polycrystalline structure which has arisen from the short-range randomly oriented graphene flakes. The obtained histogram plot is shown in Figure 5c at the surrounded position by the yellow rectangle in Figure 5a indicates an in-plane lattice spacing of 0.26 nm corresponding to the graphene lattice spacing [50, 51] . Other crystalline areas showed the same lattice spacing of 0.26 nm, as all positions were measured using the histogram plot. This suggests that all crystalline areas are graphene structured. In Figure 5d , the highly magnified image of the surrounded position by the yellow rectangle in Figure 5a shows a triangular sublattice pattern of carbon atoms instead of a hexagonal pattern. This triangular pattern may come from few-layer graphene flake structures [52, 53] . The corresponding FFT clearly shows a hexagonal pattern of the graphene structure corresponding to the (100) plane. The surface morphology of the original graphite powder and the deposited thin film, on a stainless-steel substrate, was observed with an FE-SEM. Figure 4a is the FE-SEM image of the original graphite powder, showing that the sizes of the original powder particles are around 6 µm and the shapes are irregular. Figure 4b -g shows the surface morphology of the deposited films on stainless steel, by comparing Figure 4a with Figure 4b ,c, we can see that most of the graphite powder fragmented to small particles; some of these particles are still in microscale graphite form, but most of the other particles are converted to very small flakes. As seen in Figure 4d -g, as the scan speed increased, the relative proportion of the microscale graphite particles on the deposited films become smaller relative to the slow scan speed case (0.4 mm/min). For 1.2 mm/min scan speed of deposition, the sizes of most of the fragmented particles ranged from about 100-180 nm, however, there were some fragmented particles with much smaller size. In Figure 4c ,e,g, red arrows indicate some of the graphene nano-flakes. The thin layers of graphite were separated during the NPDS deposition due to their high impact velocity. The orientation of the particle may be random during deposition, and particles with different orientations collided with the substrate. Due to the high-velocity impact, interlayer sliding and interlayer separation occurred and very thin structures were deposited on the stainless-steel substrate. In addition, large particles broke into small pieces to make nano-sized, thin structures. Figure 5 shows the TEM image of the deposited film with a scan speed of 1.2 mm/min. The HR-TEM image shown in Figure 5a indicates the crystalline structure of randomly oriented graphene nano-flakes with some areas of amorphous structure. The Fast Fourier transformer (FFT) of the HR-TEM image in Figure 5b shows a polycrystalline structure which has arisen from the short-range randomly oriented graphene flakes. The obtained histogram plot is shown in Figure 5c at the surrounded position by the yellow rectangle in Figure 5a indicates an in-plane lattice spacing of 0.26 nm corresponding to the graphene lattice spacing [50, 51] . Other crystalline areas showed the same lattice spacing of 0.26 nm, as all positions were measured using the histogram plot. This suggests that all crystalline areas are graphene structured. In Figure 5d , the highly magnified image of the surrounded position by the yellow rectangle in Figure 5a shows a triangular sublattice pattern of carbon atoms instead of a hexagonal pattern. This triangular pattern may come from few-layer graphene flake structures [52, 53] . The corresponding FFT clearly shows a hexagonal pattern of the graphene structure corresponding to the (100) plane. 
X-ray Diffraction Analysis
The structural properties of original graphite powder, and the deposited films with different scan speeds (0.4, 0.8, and 1.2 mm/min) and stainless-steel substrate were characterized using XRD analysis. Figure 6 shows the XRD spectrum of the original graphite powder, the sharp and high amplitude peak (002) at 2θ = 26.5°, which is the strongest peak obtained in the diffraction pattern in the direction perpendicular (c-axis) to the graphite hexagonal plates, indicates a highly organized layered structure with an interplanar spacing of 0.365 nm. The XRD spectrum of the deposited films shows peaks γ(111), γ(200), and α(211) at 43.6°, 50.5°, and 82° corresponding to the stainless steel substrate. In the of 0.4 mm/min case, there is (002) graphite peak at 26.3°. This peak disappeared when the scan speed was increased to 0.8 and 1.2 mm/min, which means that the graphene/graphite structure in case of 0.4 mm/min scan speed of deposition transformed to graphene structure as the scan speed increased. Also, the deposited films show a broad carbon (002) peak between 15° and 25°, the broadness of the (002) peak and the shift to a smaller angle indicates a decrease in the particle size due to defragmentation of graphite microparticles to graphene nano-flakes and an increase in the interplanar spacing. 
Raman Spectroscopy
The Raman spectroscopy results of the original graphite powder and deposited films are shown in Figure 7 . It is obvious that the graphite powder has mainly three bands, D, G, and 2D, at 1352.4, 1582.1, and 2720.77 cm −1 , respectively. The G peak is due to the doubly degenerate zone center E2g 
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The Raman spectroscopy results of the original graphite powder and deposited films are shown in Figure 7 . It is obvious that the graphite powder has mainly three bands, D, G, and 2D, at 1352.4, 1582.1, and 2720.77 cm −1 , respectively. The G peak is due to the doubly degenerate zone center E 2g mode [54] . The G band has the most intense peak and the D band has negligible intensity. The negligible intensity of the D band suggests a crystalline structure with almost no disorder. The 2D band for graphite consists of two bands 2D 1 and 2D 2 , as shown in the enlarged view of the 2D peak, the double band structure of the 2D peak was explained by other researchers [55] [56] [57] [58] [59] [60] . For all of the deposited films under all scan speeds (0.4, 0.8 and 1.2 mm/min), the deposited film on stainless steel substrate showed two different behaviors. During measurement, the laser beam was focused in two different positions for a more accurate measurement. When the laser beam was focused on a larger size, fewer fragmented particles were produced, as shown in Figure 7a . In this case, the D peak was located at 1352.4 cm −1 for all deposited films, the G peak positions, for the slower to faster scan speeds, were at 1586, 1592 and 1596 cm −1 . We can observe that the ratio of I D /I G , as shown in Table 3 , becomes higher when the scan speed of deposition increases, which confirms that the amount of graphite structure on the deposited films decreases as the scan speed of the deposition is increases. 2D peaks appear around 2718, 2708 and 2699 cm −1 , respectively for the different scan speeds of deposition. The shift of the G band to a higher energy compared to the graphite powder, the sharpness of 2D peak, and the shift in the 2D band to a lower energy, all indicate that while increasing the scan speed of deposition, more of micro-sized graphite particles gradually transform from graphite to a few-layer graphene structure. mode [54] . The G band has the most intense peak and the D band has negligible intensity. The negligible intensity of the D band suggests a crystalline structure with almost no disorder. The 2D band for graphite consists of two bands 2D1 and 2D2, as shown in the enlarged view of the 2D peak, the double band structure of the 2D peak was explained by other researchers [55] [56] [57] [58] [59] [60] . For all of the deposited films under all scan speeds (0.4, 0.8 and 1.2 mm/min), the deposited film on stainless steel substrate showed two different behaviors. During measurement, the laser beam was focused in two different positions for a more accurate measurement. When the laser beam was focused on a larger size, fewer fragmented particles were produced, as shown in Figure 7a . In this case, the D peak was located at 1352.4 cm −1 for all deposited films, the G peak positions, for the slower to faster scan speeds, were at 1586, 1592 and 1596 cm −1 . We can observe that the ratio of ID/IG, as shown in Table 3 , becomes higher when the scan speed of deposition increases, which confirms that the amount of graphite structure on the deposited films decreases as the scan speed of the deposition is increases. 2D peaks appear around 2718, 2708 and 2699 cm −1 , respectively for the different scan speeds of deposition. The shift of the G band to a higher energy compared to the graphite powder, the sharpness of 2D peak, and the shift in the 2D band to a lower energy, all indicate that while increasing the scan speed of deposition, more of micro-sized graphite particles gradually transform from graphite to a few-layer graphene structure.
(a) (b) Figure 7 . Raman spectroscopy of (a) the graphite powder and deposited films at different scan speeds on larger size particles with less fragmentation and (b) graphite powder and deposited films at different scan speeds on the more fragmented particles.
When the laser beam was focused on the fragmented particles, the Raman spectrum of the deposited thin films under all scan speeds (0.4, 0.8 and 1.2 mm/min) has a different interesting behavior; as seen in Figure 7b , the intensity of D band peaks at 1352.4, 1352.4, and 1350.8 cm −1 respectively, which represents the disorder was higher than the G band appears around 1598.5, 1597, and 1595 cm −1 , respectively, for the different scan speeds of deposition, which means that the ID/IG for the deposited film is much higher than that of the graphite powder. This increase in ID/IG can be described because of the fragmentation of the micro-sized graphite particles to graphene nano-flakes, which increase the edge defects and disorder of the graphene. The G band is shifted to a higher energy compared to the graphite powder, as shown in Figure 7b . The G band has a shoulder at 1654 cm −1 (D´ band). Also, the 2D band, which appears around 2698 cm −1 , for all deposited films, is shifted to lower energy compared to the graphite powder. The 2D band of the deposited film is sharper than that of the original powder. Moreover, the shift in the 2D band indicates that the thickness of the deposited film is decreases after deposition of the original graphite powder on stainless steel using the NPDS. Based on the shifts in the G and 2D peaks, we concluded that the layers of micron-sized graphite powder were separated due to the high impact velocity during deposition, and that few-layer graphene structures have formed on the stainless steel [55, 61] . Furthermore, the strong and sharp D band peak and D´ band peak suggest a nanocrystalline structure, as well as the presence of graphene edges and defects [62] [63] [64] . These graphene edges may When the laser beam was focused on the fragmented particles, the Raman spectrum of the deposited thin films under all scan speeds (0.4, 0.8 and 1.2 mm/min) has a different interesting behavior; as seen in Figure 7b , the intensity of D band peaks at 1352.4, 1352.4, and 1350.8 cm −1 respectively, which represents the disorder was higher than the G band appears around 1598.5, 1597, and 1595 cm −1 , respectively, for the different scan speeds of deposition, which means that the I D /I G for the deposited film is much higher than that of the graphite powder. This increase in I D /I G can be described because of the fragmentation of the micro-sized graphite particles to graphene nano-flakes, which increase the edge defects and disorder of the graphene. The G band is shifted to a higher energy compared to the graphite powder, as shown in Figure 7b . The G band has a shoulder at 1654 cm −1 (D´band). Also, the 2D band, which appears around 2698 cm −1 , for all deposited films, is shifted to lower energy compared to the graphite powder. The 2D band of the deposited film is sharper than that of the original powder. Moreover, the shift in the 2D band indicates that the thickness of the deposited film is decreases after deposition of the original graphite powder on stainless steel using the NPDS. Based on the shifts in the G and 2D peaks, we concluded that the layers of micron-sized graphite powder were separated due to the high impact velocity during deposition, and that few-layer graphene structures have formed on the stainless steel [55, 61] . Furthermore, the strong and sharp D band peak and D´band peak suggest a nanocrystalline structure, as well as the presence of graphene edges and defects [62] [63] [64] . These graphene edges may appear due to fragmented graphene flake structures. Furthermore, defects may have occurred during the high impact velocity deposition, or by interactions between the stainless steel and graphene, which may have produced vacancies, dislocation, and/or dangling bonds [65] . The positions of the D, G, and 2D peaks for the graphite powder and deposited films are shown in Table 3 . 
Electrochemical Properties
The electrochemical performance of graphene supercapacitors, fabricated from the deposited films (0.4, 0.8 and 1.2 mm/min scan speeds), with the addition of 0.03 mol of H 3 PO 4 -PVA gel electrolyte, were investigated as part of a 2-electrode system. Figure 8a -c shows the cyclic voltammetry curves measured at the scan rates 2-100 mV/s and potential window 0-1 V. The areal capacitance calculated from the CV curves using the formula
where I is the response current, s is the scan rate, ∆V is the potential window and A is the area of graphene electrode in contact with the electrolyte. The CV curves of graphene supercapacitor are symmetrical and have a near-rectangular shape over the 1 V potential window, which is typical of an ideal capacitor. The value of areal capacitance was increased from 0.68 mF/cm 2 at 2 mV/s for 0.4 mm/min scan speed to 1.28 mF/cm 2 at 2 mV/s for 1.2 mm/min scan speed, as shown in Figure 8d , two factors explain this improvement of the capacitance: In case of a fast scan speed, after the graphite particles were accelerated to supersonic speeds through the converging-diverging nozzle, the graphite particles impact with the stainless steel substrate, which has relatively high hardness, so a thin layer of graphene will be formed on the substrate, the deposition quickly will cover another location until it covers the required area of substrate. On the other hand, for the slow scan speed, after the acceleration of graphite powder, the impact takes place at first between the powder and stainless-steel substrate. As in the case of a fast scan speed, a thin graphene layer will form over the substrate, but due to the slow scan speed the impact will happen between the graphite powder and the deposited film, which has a lower hardness than the stainless steel. Therefore, the amount of fragmentation of graphite powders becomes lower than that which occurs with a fast deposition scan speed. This is clear from the (002) graphite peak intensity found in the XRD analysis, which decreased as the scan speed increased. Also, this is clear from the Raman spectroscopy, as previously mentioned. In summary, a slow scan speed shows graphene/graphite structure that has a smaller surface area and lower conductivity than graphene structure in the fast scan speed. As such, the improvement of the capacitance can be explained as a result of two reasons. The first reason is that the graphite structure of the deposited film forms more readily with a slow scan speed deposition, such that the specific surface area becomes higher than in the case of a fast scan speed deposition and allow more charge transfer on the surface of the electrode [66] . The second reason is that the number of graphene layers is decreases with an increase in the scan speed, since the value of I D /I G for a fast scan speed is larger than that of low scan speed and the decreased number of graphene layers can improve the charge transfer inside the electrode material [67, 68] . In Figure 9 , the cyclic voltammetry was measured again for the deposited films using 0.06 and 0.09 mol H3PO4-PVA gel electrolytes. Both electrolytes have quasi-rectangular CV curves and the areal capacitance was 1.28 mF/cm 2 at 2 mV/s for the case of a 1.2 mm/min scan speed with 0.03 mol of H3PO4-PVA gel electrolyte. This value became 1.47 mF/cm 2 at 2 mV/s when the concentration of H3PO4 was increased to 0.06 mol and increased to 1.67 mF/cm 2 at 2 mV/s for the case of 0.09 mol of H3PO4. It appears that the areal capacitance increases gradually while increasing the concentration in the range of 0.03-0.09 mol. These results confirm the assumption that the high ion concentration cloud improves the areal capacitance value, which also agrees with previous research [69, 70] . The capacitance of graphene electrode is mainly due to the diffusion of ions from the electrolyte to the surface of the electrode, and the rate of the whole electrode reaction will be enhanced if the diffusion resistance is decreased. In this sense, a high concentration of H3PO4-PVA gel electrolyte with a high ionic conductivity will provide a low diffusion resistance. The diffusion resistance (Rct: charge transfer resistance) can be seen in the Nyquist plot. Previous studies have also found that there is a relationship between the specific capacitance of the activated carbons and the electrolyte conductivity, i.e., the specific capacitance increased with increasing electrolyte conductivity [71] . For 0.06 mol of H3PO4, the oxidation and reduction peak at ~0.4 and 0.25 V in Figure 9a are corresponding to the pseudocapacitance after phosphorus-doping in graphene layers [72] [73] [74] . The doping of phosphorus may be happened during the electrochemical measurement due to the porous structure of the carbon atoms. The existence of phosphorus atoms introduces a positive charge on the neighboring carbon atoms and creates centers for oxygen reduction reaction [73] . Also, in case of 0.09 mol of H3PO4, there is a small oxidation and reduction humps at the same potentials due to the same reason. The samples with relatively low concentration of H3PO4 (0.03 mol) did not show the oxidation and reduction peak in the CV curves. Therefore, a relatively high concentration of H3PO4 may easily create the doping of phosphorus during the electrochemical measurement. The reactions related to pseudocapacitance can be considered as follows [75, 76] : In Figure 9 , the cyclic voltammetry was measured again for the deposited films using 0.06 and 0.09 mol H 3 PO 4 -PVA gel electrolytes. Both electrolytes have quasi-rectangular CV curves and the areal capacitance was 1.28 mF/cm 2 at 2 mV/s for the case of a 1.2 mm/min scan speed with 0.03 mol of H 3 PO 4 -PVA gel electrolyte. This value became 1.47 mF/cm 2 at 2 mV/s when the concentration of H 3 PO 4 was increased to 0.06 mol and increased to 1.67 mF/cm 2 at 2 mV/s for the case of 0.09 mol of H 3 PO 4 . It appears that the areal capacitance increases gradually while increasing the concentration in the range of 0.03-0.09 mol. These results confirm the assumption that the high ion concentration cloud improves the areal capacitance value, which also agrees with previous research [69, 70] . The capacitance of graphene electrode is mainly due to the diffusion of ions from the electrolyte to the surface of the electrode, and the rate of the whole electrode reaction will be enhanced if the diffusion resistance is decreased. In this sense, a high concentration of H 3 PO 4 -PVA gel electrolyte with a high ionic conductivity will provide a low diffusion resistance. The diffusion resistance (R ct : charge transfer resistance) can be seen in the Nyquist plot. Previous studies have also found that there is a relationship between the specific capacitance of the activated carbons and the electrolyte conductivity, i.e., the specific capacitance increased with increasing electrolyte conductivity [71] . For 0.06 mol of H 3 PO 4 , the oxidation and reduction peak at~0.4 and 0.25 V in Figure 9a are corresponding to the pseudocapacitance after phosphorus-doping in graphene layers [72] [73] [74] . The doping of phosphorus may be happened during the electrochemical measurement due to the porous structure of the carbon atoms. The existence of phosphorus atoms introduces a positive charge on the neighboring carbon atoms and creates centers for oxygen reduction reaction [73] . Also, in case of 0.09 mol of H 3 PO 4 , there is a small oxidation and reduction humps at the same potentials due to the same reason. The samples with relatively low concentration of H 3 PO 4 (0.03 mol) did not show the oxidation and reduction peak in the CV curves. Therefore, a relatively high concentration of H 3 PO 4 may easily create the doping of phosphorus during the electrochemical measurement. The reactions related to pseudocapacitance can be considered as follows [75, 76] : 
The redox reaction attributed to the reversible quinone/hydroquinone pair. The galvanostatic Charge-discharge curves for the supercapacitors assembled from the deposited films, with different scan speeds (0.4, 0.8 and 1.2 mm/min), in Figure 10a -c, and 0.03, 0.06 and 0.09 mol of H3PO4-PVA gel electrolyte, in Figure 11 , were investigated at current densities 0.01-0.1 mA. The areal capacitance was calculated from the CV curves using the formula
where I is the current density and dV/dt is the slope of discharge curve after the IR drop, where R is the internal resistance of the supercapacitor. Figure 10a -c shows the galvanostatic Charge-discharge curves for all supercapacitors, linear charge and discharge curves with a neglectable IR drop, indicating that the electrodes have a lower internal resistance, which leads to better EDL performance. The areal capacitance calculated from discharge curves is shown in Figure 10d . The results are in agreement with cyclic voltammetry, where the areal capacitance is increased by controlling the thickness of the deposited films by the scan speed of the deposition, for 0.03 mol of H3PO4-PVA gel electrolyte the areal capacitance was 0.39 mF/cm 2 for the case of a 0.4 mm/min scan speed. This value increased to 1.07 mF/cm 2 when the thickness of the deposited film decreased by increasing the scan speed to 1.2 mm/min. Also increasing the concentration of H3PO4 in the gel electrolyte from 0.03 to 0.09 mol improves the areal capacitance, which increased to 1.2 mF/cm 2 for The redox reaction attributed to the reversible quinone/hydroquinone pair. The galvanostatic Charge-discharge curves for the supercapacitors assembled from the deposited films, with different scan speeds (0.4, 0.8 and 1.2 mm/min), in Figure 10a -c, and 0.03, 0.06 and 0.09 mol of H 3 PO 4 -PVA gel electrolyte, in Figure 11 , were investigated at current densities 0.01-0.1 mA. The areal capacitance was calculated from the CV curves using the formula
where I is the current density and dV/dt is the slope of discharge curve after the IR drop, where R is the internal resistance of the supercapacitor. Figure 10a -c shows the galvanostatic Charge-discharge curves for all supercapacitors, linear charge and discharge curves with a neglectable IR drop, indicating that the electrodes have a lower internal resistance, which leads to better EDL performance. The areal capacitance calculated from discharge curves is shown in Figure 10d . The results are in agreement with cyclic voltammetry, where the areal capacitance is increased by controlling the thickness of the deposited films by the scan speed of the deposition, for 0.03 mol of H 3 PO 4 -PVA gel electrolyte the areal capacitance was 0.39 mF/cm 2 for the case of a 0.4 mm/min scan speed. This value increased to 1.07 mF/cm 2 when the thickness of the deposited film decreased by increasing the scan speed to 1.2 mm/min. Also increasing the concentration of H 3 PO 4 in the gel electrolyte from 0.03 to 0.09 mol improves the areal capacitance, which increased to 1.2 mF/cm 2 for the case of a 1.2 mm/min scan speed with 0.09 mol of H 3 PO 4 -PVA gel electrolyte. All areal capacitances are calculated from galvanostatic Charge-discharge at 0.01 mA of current. Other researchers previously have reported areal capacitances of 3.7 and 2.13 mF/cm 2 by CVD [48] and CVD with chemical treatment [77] . The supercapacitor prepared by NPDS shows an areal capacitance 1.67 mF/cm 2 ; even though the value is smaller than those found by other researchers, but the fabrication process is much easier, cheaper, and it can be easily applied in industry because it allows a large area deposition in a small amount of time. The supercapacitor prepared by NPDS is superior to those produced by many other, techniques such as LBL (394 μF/cm 2 ) [78] , electrochemical reduction of GO (487 μF/cm 2 ) [45] , vertically oriented graphene (0.087 mF/cm 2 ) [79] , graphene-CNT carpets (0.23 mF/cm 2 ) [45, 80] , and graphene-PEDOT: PSS hybrid films (0.179 mF/cm 2 ) [45, 81] .
Electrochemical impedance spectroscopy (EIS) measurements were carried out to understand the electrochemical details in the frequency range from 1 Hz to 1 MHz with an open-circuit voltage and an AC amplitude of 10 mV. Other researchers previously have reported areal capacitances of 3.7 and 2.13 mF/cm 2 by CVD [48] and CVD with chemical treatment [77] . The supercapacitor prepared by NPDS shows an areal capacitance 1.67 mF/cm 2 ; even though the value is smaller than those found by other researchers, but the fabrication process is much easier, cheaper, and it can be easily applied in industry because it allows a large area deposition in a small amount of time. The supercapacitor prepared by NPDS is superior to those produced by many other, techniques such as LBL (394 µF/cm 2 ) [78] , electrochemical reduction of GO (487 µF/cm 2 ) [45] , vertically oriented graphene (0.087 mF/cm 2 ) [79] , graphene-CNT carpets (0.23 mF/cm 2 ) [45, 80] , and graphene-PEDOT: PSS hybrid films (0.179 mF/cm 2 ) [45, 81] .
Electrochemical impedance spectroscopy (EIS) measurements were carried out to understand the electrochemical details in the frequency range from 1 Hz to 1 MHz with an open-circuit voltage and an AC amplitude of 10 mV. the case of a 1.2 mm/min scan speed with 0.09 mol of H3PO4-PVA gel electrolyte. All areal capacitances are calculated from galvanostatic Charge-discharge at 0.01 mA of current. Other researchers previously have reported areal capacitances of 3.7 and 2.13 mF/cm 2 by CVD [48] and CVD with chemical treatment [77] . The supercapacitor prepared by NPDS shows an areal capacitance 1.67 mF/cm 2 ; even though the value is smaller than those found by other researchers, but the fabrication process is much easier, cheaper, and it can be easily applied in industry because it allows a large area deposition in a small amount of time. The supercapacitor prepared by NPDS is superior to those produced by many other, techniques such as LBL (394 μF/cm 2 ) [78] , electrochemical reduction of GO (487 μF/cm 2 ) [45] , vertically oriented graphene (0.087 mF/cm 2 ) [79] , graphene-CNT carpets (0.23 mF/cm 2 ) [45, 80] , and graphene-PEDOT: PSS hybrid films (0.179 mF/cm 2 ) [45, 81] .
Electrochemical impedance spectroscopy (EIS) measurements were carried out to understand the electrochemical details in the frequency range from 1 Hz to 1 MHz with an open-circuit voltage and an AC amplitude of 10 mV. As shown in Figure 12a , the fabricated supercapacitors from the three electrodes deposited with different scan speed (0.4, 0.8 and 1.2 mm/min) and 0.03 mol H3PO4-PVA all exhibited typical AC impedance characteristics of supercapacitors [82] . In the high-frequency region (Figure 12a enlarge view), the intercept with a real impedance (Z´) represents an equivalent series resistance (Rs), which includes the resistance of electrode materials, ionic resistance of electrolyte, and contact resistance between the electrode and current collector; the radius of semicircle is indicative of the electrode conductivity and the charge-transfer resistance (Rct) of electrode materials. Rs is estimated to be around 1.1 Ω for a 0.4 mm/min scan speed electrode, which was larger than that given by a 0.8 mm/min electrode scan speed (0.97 Ω) and 1.2 mm/min scan speed electrode (0.85 Ω). The semicircle diameter represents the value of Rct obtained for the three electrodes and has a small diameter. This may be due to the formation of graphene-graphite structures on the surface of the 0.4 mm/min scan speed electrode; the amount of this formation may have decreased when the scan speed is increased to 0.8 and 1.2 mm/min, thus improving the impedance of the electrodes. In the intermediate frequency region, the slope of the 45° portion of the curves is the Warburg resistance, which represents the ion diffusion/transport in the electrolyte. In the low-frequency region, the capacitive behavior of the 1.2 mm/min scan speed electrode is evident in the curve. The curve is slightly bent but overall exhibits a good capacitive performance. Nyquist plots of the three typical 1.2 mm/min scan speed electrodes with 0.03, 0.06 and 0.09 mol H3PO4-PVA electrolytes were measured, as shown in Figure 12b . Rs values were 0.85, 0.62, and 0.42 Ω respectively, the supercapacitor fabricated with 0.09 mol H3PO4-PVA electrolyte exhibits a lower internal resistance and a smaller semicircular diameter at high frequencies, indicating a better interface between the electrolyte and electrode. The conductivity is dependent on the concentration As shown in Figure 12a , the fabricated supercapacitors from the three electrodes deposited with different scan speed (0.4, 0.8 and 1.2 mm/min) and 0.03 mol H 3 PO 4 -PVA all exhibited typical AC impedance characteristics of supercapacitors [82] . In the high-frequency region (Figure 12a enlarge view), the intercept with a real impedance (Z´) represents an equivalent series resistance (R s ), which includes the resistance of electrode materials, ionic resistance of electrolyte, and contact resistance between the electrode and current collector; the radius of semicircle is indicative of the electrode conductivity and the charge-transfer resistance (R ct ) of electrode materials. R s is estimated to be around 1.1 Ω for a 0.4 mm/min scan speed electrode, which was larger than that given by a 0.8 mm/min electrode scan speed (0.97 Ω) and 1.2 mm/min scan speed electrode (0.85 Ω). The semicircle diameter represents the value of R ct obtained for the three electrodes and has a small diameter. This may be due to the formation of graphene-graphite structures on the surface of the 0.4 mm/min scan speed electrode; the amount of this formation may have decreased when the scan speed is increased to 0.8 and 1.2 mm/min, thus improving the impedance of the electrodes. In the intermediate frequency region, the slope of the 45 • portion of the curves is the Warburg resistance, which represents the ion diffusion/transport in the electrolyte. In the low-frequency region, the capacitive behavior of the 1.2 mm/min scan speed electrode is evident in the curve. The curve is slightly bent but overall exhibits a good capacitive performance. As shown in Figure 12a , the fabricated supercapacitors from the three electrodes deposited with different scan speed (0.4, 0.8 and 1.2 mm/min) and 0.03 mol H3PO4-PVA all exhibited typical AC impedance characteristics of supercapacitors [82] . In the high-frequency region (Figure 12a enlarge view), the intercept with a real impedance (Z´) represents an equivalent series resistance (Rs), which includes the resistance of electrode materials, ionic resistance of electrolyte, and contact resistance between the electrode and current collector; the radius of semicircle is indicative of the electrode conductivity and the charge-transfer resistance (Rct) of electrode materials. Rs is estimated to be around 1.1 Ω for a 0.4 mm/min scan speed electrode, which was larger than that given by a 0.8 mm/min electrode scan speed (0.97 Ω) and 1.2 mm/min scan speed electrode (0.85 Ω). The semicircle diameter represents the value of Rct obtained for the three electrodes and has a small diameter. This may be due to the formation of graphene-graphite structures on the surface of the 0.4 mm/min scan speed electrode; the amount of this formation may have decreased when the scan speed is increased to 0.8 and 1.2 mm/min, thus improving the impedance of the electrodes. In the intermediate frequency region, the slope of the 45° portion of the curves is the Warburg resistance, which represents the ion diffusion/transport in the electrolyte. In the low-frequency region, the capacitive behavior of the 1.2 mm/min scan speed electrode is evident in the curve. The curve is slightly bent but overall exhibits a good capacitive performance. Nyquist plots of the three typical 1.2 mm/min scan speed electrodes with 0.03, 0.06 and 0.09 mol H3PO4-PVA electrolytes were measured, as shown in Figure 12b . Rs values were 0.85, 0.62, and 0.42 Ω respectively, the supercapacitor fabricated with 0.09 mol H3PO4-PVA electrolyte exhibits a lower internal resistance and a smaller semicircular diameter at high frequencies, indicating a better interface between the electrolyte and electrode. The conductivity is dependent on the concentration Nyquist plots of the three typical 1.2 mm/min scan speed electrodes with 0.03, 0.06 and 0.09 mol H 3 PO 4 -PVA electrolytes were measured, as shown in Figure 12b . R s values were 0.85, 0.62, and 0.42 Ω respectively, the supercapacitor fabricated with 0.09 mol H 3 PO 4 -PVA electrolyte exhibits a lower internal resistance and a smaller semicircular diameter at high frequencies, indicating a better interface between the electrolyte and electrode. The conductivity is dependent on the concentration of the H 3 PO 4 in the gel electrolyte; as the H 3 PO 4 concentration increases, the conductivity also increases, meaning the value of R s decreases as the concentration increases. As a result of increasing the conductivity, mobility of the H 3 PO 4 is increased; this can consequently decrease the value of R ct , which is represented by the radius of semicircle. This result agrees with previous reports [48, 83] .
The cyclic stability of the deposited film with a 1.2 mm/min scan speed and 0.09 mol of H 3 PO 4 -PVA was investigated at current 0.06 mA, repeating the galvanostatic charge/discharge measurement ranging from 0 to 1 V. As shown in Figure 13 , the supercapacitor has a coulombic efficiency of 98% at the beginning, which decreased to 95% after 5000 cycles. The good cycling performance of the electrode material indicated a good stability and strong adherence to the stainless-steel substrate. The good cycling stability can be attributed to two reasons. The first reason is that the few-layer graphene nanoflake structure is randomly oriented on the substrate, which allows the electrolyte ions to diffuse through the graphene layers, leading to a good improvement in the electrochemical performance of the supercapacitor. The second reason is the mechanical stability caused by the strong adherence of the few-layer graphene nanoflake structures on the stainless-steel substrate. The degradation in the coulombic efficiency after 5000 cycles is likely due to the consumption of the electrolyte as a result of irreversible reactions between the graphene electrode and the H 3 PO 4 -PVA gel electrolyte. of the H3PO4 in the gel electrolyte; as the H3PO4 concentration increases, the conductivity also increases, meaning the value of Rs decreases as the concentration increases. As a result of increasing the conductivity, mobility of the H3PO4 is increased; this can consequently decrease the value of Rct, which is represented by the radius of semicircle. This result agrees with previous reports [48, 83] . The cyclic stability of the deposited film with a 1.2 mm/min scan speed and 0.09 mol of H3PO4-PVA was investigated at current 0.06 mA, repeating the galvanostatic charge/discharge measurement ranging from 0 to 1 V. As shown in Figure 13 , the supercapacitor has a coulombic efficiency of 98% at the beginning, which decreased to 95% after 5000 cycles. The good cycling performance of the electrode material indicated a good stability and strong adherence to the stainless-steel substrate. The good cycling stability can be attributed to two reasons. The first reason is that the few-layer graphene nanoflake structure is randomly oriented on the substrate, which allows the electrolyte ions to diffuse through the graphene layers, leading to a good improvement in the electrochemical performance of the supercapacitor. The second reason is the mechanical stability caused by the strong adherence of the few-layer graphene nanoflake structures on the stainless-steel substrate. The degradation in the coulombic efficiency after 5000 cycles is likely due to the consumption of the electrolyte as a result of irreversible reactions between the graphene electrode and the H3PO4-PVA gel electrolyte. 
Conclusions
In this research, a vacuum kinetic spray was used to deposit micro-sized graphite powder on stainless steel substrate at room temperature and low-pressure conditions. The NPDS results in the formation of randomly oriented few-layer graphene nano-flakes; as confirmed by FE-SEM, HR-TEM, XRD, and Raman spectroscopy. Some of the graphite particles fragmented to graphene nano-flakes and some particles did not fragment and were converted to graphite particles with a smaller size than the particles in the original graphite powder. The amount of graphite structure on the deposited films decreases with an increase in the deposition scan speed.
The electrochemical capacitive behavior of the supercapacitors assembled from the deposited films using NPDS, with 0.03 mol PVA-H3PO4, showed an areal capacitance comparable to other research, and it was improved by increasing the scan speed of the deposition. Also, increasing the amount of H3PO4 in the PVA gel electrolyte can improve the areal capacitance. The very affordably fabricated supercapacitor with 0.09 mol H3PO4-PVA gel electrolyte, produced with a 1.2 mm/min deposition scan speed, showed a good stability over 5000 cycles. 
The electrochemical capacitive behavior of the supercapacitors assembled from the deposited films using NPDS, with 0.03 mol PVA-H 3 PO 4 , showed an areal capacitance comparable to other research, and it was improved by increasing the scan speed of the deposition. Also, increasing the amount of H 3 PO 4 in the PVA gel electrolyte can improve the areal capacitance. The very affordably fabricated supercapacitor with 0.09 mol H 3 PO 4 -PVA gel electrolyte, produced with a 1.2 mm/min deposition scan speed, showed a good stability over 5000 cycles.
